Using molecular manipulation in a cryogenic scanning tunneling microscope, the structure and rearrangement of sexiphenyl molecules at the buried interface of the organic film with the Cu(110) substrate surface have been revealed. It is shown that a reconstruction of the first monolayer of flat lying molecules occurs due to the van der Waals pressure from subsequent layers. In this rearrangement, additional sexiphenyl molecules are forced into the established complete monolayer and adopt an edge-on configuration. Incorporation of second layer molecules into the first layer is also demonstrated by purposely pushing sexiphenyl molecules with the STM tip. The results indicate that even chemisorbed organic layers at interfaces can be significantly influenced by external stress from van der Waals forces of subsequent layers.
turn, the interface on which it proceeds. Changes from those structures observed sequentially in layer-by-layer growth have been neglected because probing the buried interface is challenging, as it is essentially invisible to both bulk and surface sensitive techniques.
Unlike inorganic materials, the interfaces of organic materials are "soft". Both molecule/substrate and molecule/molecule interactions are dominated by relatively weak and directional van der Waals force, which results in a very delicate balance between intra-and inter-layer forces. Para-sexiphenyl (6P) on Cu(110) provides an excellent model system to investigate these phenomena as numerous experimental and theoretical studies of the geometric, and optical and electronic properties of both the first few 6P layers and thick films exist. [8] [9] [10] [11] [12] [13] [14] [15] Moreover, 6P is tractable to scanning probe manipulation. 16 Recently, the growth and dynamics of 6P/Cu(110) have been investigated by photoemission electron microscopy (PEEM), providing an insight into growth mechanisms and dynamics of the first few layers. 17, 18 PEEM results indicate enhanced 1-dimensional diffusion of 6P molecules on formation of 3D crystallites that occurs after deposition of the third layer, which was postulated to be the result of a highly corrugated film forming on dewetting of metastable layers. Indeed STM images show a highly corrugated molecular film with troughs aligned in [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction. 18 Here the nature of the instigator for this corrugated film morphology has been explored using molecular manipulation in a cryogenic STM. We have been able to "dig" down with the STM tip through several molecular layers to the Cu interface and to image the first monolayer at the interface. It is shown that the otherwise dense and stable chemisorbed monolayer, consisting of flat lying molecules, is modified by the incorporation of edge-on molecules once further layers are deposited, effectively increasing the monolayer density. Moreover, these edge on molecules form semiperiodic chains parallel to the long molecular axis. We have also been able to simulate this incorporation by molecular manipulation.
Results and Discussion
In this work, a Cu(110) surface covered with 1.5 monolayers of 6P, deposited at 325 K, has been investigated in a low temperature (5K) STM. 19 Figure 1 
Bilayer Structure and Monolayer Reconstruction
In the following, the attention will be focused on the nature of the chains of bright molecules in [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction in the second layer and their relationship to the underlying monolayer.
The structure of the first monolayer underneath the second-layer islands is investigated by partially removing second-layer molecules step by step with the STM tip as shown in Figure 3 . The removal of the two bright molecules (indicated with dots in panels (1) and (2)) reveals dark channels associated with vacancies in the second layer (marked by the arrows). From panels (2) to (4) (4)) is removed in panels (4) to (5). In the latter, four such molecules (below the troughs) with brighter contrast are apparent.
In panel (6) , the three second layer molecules between the troughs have also been removed. Note the somewhat different STM contrast in panels (1-3) and (4-6) due to the change of bias polarity between the two sets. This change causes the appearance of two linear features for one edge-on molecule due to the imaging of different electronic orbitals in the second set of panels. Linescans (not shown here) show the height of the decorating molecule to be 3.0 Å, the second layer 1.5 Å, and the species revealed after removing the decorating molecules to be 1 Å relative to the top of the monolayer. The height of the revealed molecule suggests that these molecules underneath the decorating molecules are edge-on. This conjecture can be substantiated experimentally by molecular manipulation with the STM, whereby molecules can be purposely pushed into the first layer. The process is demonstrated in Figure 4(a) , where a molecule of the second layer is first separated from an island in panels (1)- (3), and this is then followed by the incorporation into the first layer by pushing it in [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction, panel (4) . 
Channel Superstructure
When the monolayer is covered by the second layer (together, the bilayer), the edgeon molecules are decorated by bright molecules in linear chains running in [110] direction. The STM image of the bilayer also shows that the bright linear chains of 6P molecules run across the whole island with no open ends, i.e., usually chains do not stop in the middle of the island (see left panel in Figure 6 (a)). In the following, the spacing between two chains is named "channel". We propose that the formation of these chains of edge-on molecules (and consequently the bright molecules in the second layer which sit on top of them) minimizes the antiphase domain boundaries created when a molecule is incorporated. Interestingly, these distances indicate that the bright 6P of the second layer are not perfectly centered on the edge-on molecules, but either shifted up or down in
[001] direction. The off-centered position appear to be related to the number of molecules in the channel above and below, respectively, in such a way that they are always shifted by 1.3 ± 0.5 Å away from the channel with more molecules. The direction of the shift is randomly up or down by this value when equally wide channels are on either side. The histogram displays this behavior in the position of the side maxima. They are found to be larger than a spacing of 7.2 Å from the main maximum for those above the main maximum and smaller for those below, rather than spread broadly or displaying a double maximum around a peak spacing of 7.2 Å.
The geometry between the two layers strives to maximize π-system overlap, and consequently the van der Waals forces between the layers. However, while the first layer is constrained by the substrate to a lateral spacing of 7.2 Å, the molecules in the second layer will be subject to a mutual attraction that tends to pull them towards the closer packing of the 6P crystal (5.6 Å). These competing forces lead to a strain in the second layer. The difference in spacing between the monolayer and the molecules within the channel leads to a maximum strain in the The maximum percent mismatch from a = 7.2 Å for the observed spacing maxima corresponding to three, four, five and six molecules is 6.5%, 9.8%, 13.1% and 16.3%, respectively. It is this energy balance between the layers and within the second layer that results in the distribution of edge-on molecule spacings distributed around a maximum of four molecules. Above 16.3%, the strain induced between the layers far exceeds the energy gain from the van der Waals forces leading to very few instances of higher spacings.
Edge-on 6P molecules exist only underneath the second layer, but have not been observed in the uncovered monolayer on Cu(110), which demonstrate the importance of the second layer in modifying the balance of interactions between the molecules of the first layer and the substrate. In contrast to the strongly bound 6P monolayer on Cu(110), the more weakly bound system of 6P on Au(111) and HOPG are found to transition within the monolayer with increasing coverage (and intermolecular interaction). On Au(111), a transition from a uniform adsorption geometry to a tilted, flat alternating structure that more closely replicates the herringbone structure of the bulk crystal occurs 21, 22 and, on HOPG, initially flat molecules reorganize as a layer to a standing, bulk-like configuration. 23 Furthermore, upon thermal desorption of the second layer, the c(22×2) structure of the monolayer is indicates that the molecule coverage at the interface can be increased by ∼17%. The additional adsorption energy of edge-on molecules thus compensates for the formation of antiphase domain boundaries and the overall less-favorable adsorption geometry that discourage spacings below three molecules.
Conclusion
We have shown that the van der Waals pressure of additional layers may induce a reconstruction of the first layer at the interface. Sexiphenyl on Cu(110) is a model system for demonstrating that organic layer interfaces are not rigid but soft and flexible. Using molecular manipulation with the STM tip, we have revealed this structural rearrangement at the buried organic-metal interface with layers of 6P on Cu(110). In the present case, the first monolayer of 6P is elastic in the [001] direction, and the pressure from a second layer of molecules is sufficient to press additional molecules towards the metal interface, inducing a domino-like reaction and a rearrangement with edge-on molecules in the interfacial layer. The repulsive interaction of 6P molecules in the first layer, which prevents island formation in the monolayer, competes with the attractive interaction of the tilted/twisted molecules in the second layer to reconstruct the first layer and form a complex semi-commensurate superstructure dependent on the balance of forces within and between each layer. This superstructure is both a step towards adopting the bulk structure with continued organic film growth and determines the subsequent growth kinetics by forming one dimensional channels for diffusion.
The phenomena can be expected to be found in other aromatic systems that pack in a herring bone structure if their first layer adsorbs with their aromatic planes parallel to the surface. If the bond to the substrate is too weak, as is the case for sexiphenyl on the oxygen passivated surface, the phenomena does not occur as the first layer can adopt a geometry near to that of the organic crystal. At present, theory has not been demonstrated to reliably cope with such a large system (>1000 atoms) dominated by van der Waals interactions to the accuracy and length scale required to capture these delicate interlayer interactions. Although density functional theory can incorporate van der Waals interactions, 24 accurate methods have usually been prohibitively complex. 25 A DFT method that incorporates van der Waals forces has been used to describe the modification of surface bonding distance and charge redistribution that occurs in a first molecular layer when a second layer of a different molecule is present, 26 yet it remains to be seen whether new advances in first principles calculations will be able to describe structures that develop with longer range order that includes interactions tens of molecules. However, evidence for the generality may be sought in complex thermal desorption spectra that appear for small aromatics such as benzene 27 or bithiophene 28 on certain metal surfaces that have been attributed to metastable layers, and in the complex tetracene structures formed on Ag(111).
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Experimental
The experiments have been carried out in a three-chamber UHV system with a base pressure below 5×10 -11 mbar, equipped with a low temperature STM (CreaTec,
Germany) operating at 5 K, a home-made molecule evaporator, a quartz micro balance to monitor the molecule deposition rate, LEED, and the usual facilities for sample manipulation and cleaning. 19 Electrochemically etched W wire of 0.3 mm diameter has been used for STM tips, which have been cleaned via electron Table 1 .
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